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Abstract 
This paper presents the investigation of nickel-based hydrotalcite-type materials for the steam reforming of ethanol 
for synthesis gas production. The partial substitution of Ni by a third element leads to changes in terms of surface 
area, crystallinity, acidic sites and reduction profile. Lower reaction temperatures favored the dehydration and 
dehydrogenation of ethanol, while synthesis gas was produced mainly at higher temperatures. Samples modified with 
Co, Mo and Zn exhibited higher activity at intermediate temperatures, while Co-, Mo- and unmodified samples 
presented higher selectivity towards H2 and CO at higher temperatures. 
 
© 2012 Published by Elsevier Ltd. Selection under responsibility of the Congress Scientific Committee 
(Petr Kluson) 
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1. Introduction 
The depletion of crude petroleum reserves has led to the investigation of alternative fuels and energy 
sources. Among these alternative sources, bio-ethanol derived from biomass feedstocks presents some 
advantages such as high hydrogen content, good availability, low production cost, non-toxicity and easy 
handling, transportation and storage [1, 2]. In this context, the steam reforming of ethanol process is a 
promising route because H2 and synthesis gas can be obtained from a renewable resource. Despite having 
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outstanding potential, the use of H2 in fuel cells still requires advancement in R&D before large scale 
application of this technology is possible. Moreover, a future hydrogen society would require an 
expensive new infrastructure [3, 4], whereas modern diesel engines are almost as efficient as fuel cell-
driven cars that use hydrogen fuel appear to be [5]. On the other hand, ethanol reforming could also 
produce synthesis gas instead of H2 generation. Technologies for synthesis gas conversion for ammonia 
and methanol production are very well established. Furthermore, synthesis gas can produce gasoline, 
diesel, lubricants and other oxygenates through the very well-known Fischer-Tropsch process. 
The desired reactions in ethanol steam reforming result in synthesis gas (eq. 1) or H2 and CO2 (eq. 2), 
depending on the amount of water in the feed stream. 
 
C2H5OH + H2O → 2CO + 4H2  ΔH298K = 256 kJ·mol-1      (1) 
C2H5OH + 3H2O → 2CO2 + 6H2  ΔH298K = 174 kJ·mol-1       (2) 
However, there are other possible reactions that can occur, which may include the dehydration (eq. 3) 
and the dehydrogenation (eq. 4) of ethanol, as well as the further decomposition of acetaldehyde (eq. 5). 
 
C2H5OH → C2H4 + H2O  ΔH298K = 45 kJ·mol-1       (3) 
C2H5OH → CH3CHO + H2  ΔH298K = 68 kJ·mol-1   (4) 
CH3CHO → CH4 + CO   ΔH298K = -19 kJ·mol-1   (5) 
Synthesis gas can also be obtained from the steam reforming (eq. 6) and dry reforming (eq. 7) of 
methane, while hydrogen can be produced by the decomposition of methane (eq. 8) and the water-gas 
shift (eq. 9) reactions. 
 
CH4 + H2O → CO + 3H2  ΔH298K = 206 kJ·mol-1     (6) 
CH4 + CO2 → 2CO + 2H2  ΔH298K = 246 kJ·mol-1       (7) 
CH4 → C(s) + 2H2  ΔH298K = 75 kJ·mol-1   (8) 
H2O + CO → CO2 + H2  ΔH298K = -41 kJ·mol-1        (9) 
As eq. 8 indicates, carbonaceous materials (coke) are formed during this process. In addition to being 
formed through the decomposition of methane, coke is also produced from the Boudouard reaction (eq. 
10) and polymerization of ethylene (eq. 11). However, coke can be gasified at high temperatures through 
the reverse of the Boudouard reaction expressed in eq. 10 and by steam reforming (eq. 12). 
 
2CO → CO2 + C(s)  ΔH298K = -172 kJ·mol-1        (10) 
n.C2H4 → polymer → coke               (11) 
C(s) + H2O → CO + H2  ΔH298K = 131 kJ·mol-1       (12) 
 
Although investigations using catalysts based on Ir [6], Rh [7], Pd [8] and Co [9, 10] for the steam 
reforming of ethanol have been carried out, the high cost of these metals would limit their application at 
the industrial scale. Therefore, Ni-based catalysts have been widely investigated for this process [11, 12]. 
Among the nickel catalysts, promising results were found for hydrotalcite-type (HT) materials [13-15]. 
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Although they have interesting properties such as a high surface area and high thermal stability [16, 17], 
further investigations of these materials for steam reforming of ethanol are still scarce. 
In the context of the above discussion, the present work aims to better understand the relation between 
reaction temperature and product distribution, as well as to improve the performance of nickel-based HT 
materials for the steam reforming of ethanol by the partial substitution of Ni by a third element such as 
Mg, Zn, Mo or Co. 
 
Nomenclature 
 
[Ci] number of moles of C-containing product i in the outlet stream 
[H2] number of moles of H2 in the outlet stream 
[H2j] number of moles of H2-containing product j in the outlet stream 
[React]IN  number of moles of ethanol or water in the feed stream 
[React]OUT number of moles of ethanol or water in the outlet stream 
SH2 selectivity for hydrogen 
SCi selectivity for C-containing product i 
υi ratio of stoichiometric reaction coefficients 
2. Experimental 
2.1. Preparation of catalysts 
The samples employed in this work were prepared with the continuous co-precipitation method using 
two aqueous solutions. The first solution contained an aqueous mixture of aluminium nitrate and nickel 
nitrate, and Zn nitrate, Mg nitrate, Co nitrate or ammonium molybdate were added for some samples. An 
aqueous solution of Na2CO3 was used as the precipitating agent. The co-precipitation process was 
conducted in a CSTR at a constant temperature (50°C). The solution containing the nitrates was added at 
a constant flow rate, while the flow rate of the precipitant was continuously adjusted to maintain the pH at 
a constant value (8 ± 0.1). 
After the co-precipitation process, the effluent was collected and stirred at 50°C for 1 h. After this 
crystallisation step, the precipitate was filtered and washed thoroughly with distilled and deionised water. 
The slurry was dried at 80°C for 24 h in an oven. All samples were crushed and sieved to the desired 
particle sizes (500–355 μm) and calcined under an air flow (50 mL·min-1) at 600°C for 6 h. 
2.2. Characterisation 
The materials were characterised by BET surface area measurements, thermogravimetric coupled with 
differential thermal analyses (TG/DTA), temperature-programmed reduction (H2-TPR), temperature-
programmed desorption of ammonia (NH3-TPD), temperature-programmed oxidation (TPO/DTA) and X-
ray diffraction (XRD) patterns. 
The NH3-TPD profiles were collected using a multipurpose system (SAMP3). A quartz tube was 
loaded with 100 mg of the calcined sample and placed in a temperature-controlled oven. The sample was 
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first outgassed at 250°C under N2 flow over 1 h, then cooled to 100°C and saturated with NH3. After 
adsorption, the sample was purged with a flow of pure helium for 30 min to remove weakly adsorbed 
species. The desorption curves were recorded with a thermal conductivity detector (TCD) by increasing 
the temperature to 600°C at a heating rate of 10°C·min-1 with a 30 mL·min-1 helium flow. 
The H2-TPR analysis was carried out in the same multipurpose system (SAMP3). After pretreatment at 
250°C, the temperature was increased to 880°C (10°C·min-1) using 30 mL·min-1 of a 10% H2/N2 (v/v) 
reduction mixture. 
In the same apparatus, the BET surface area measurements (SBET) were obtained by the N2 dynamic 
adsorption method at the normal boiling point of N2 (-196°C). As in the TPD and TPR experiments, the 
samples were preheated from room temperature to 250°C for 1 h before the BET measurements. 
Thermogravimetric (TG/DTA) and temperature-programmed oxidation (TPO/DTA) coupled with 
differential thermal analysis were performed in a TA thermobalance (Model SDT600). In these 
experiments, approximately 10 mg of fresh sample (TG/DTA) or the sample after reaction (TPO/DTA) 
was first purged with N2 at room temperature. The samples were then heated to approximately 850°C at a 
rate of 10°C·min-1 under an air flow rate of 100 mL·min-1. 
The powder X-ray diffraction (XRD) patterns were collected with a Bruker D2 Phaser X-ray 
diffractometer using CuKα radiation. 
2.3. Activity evaluation 
The catalytic evaluations were performed in a 6-mm inner diameter fixed-bed quartz reactor loaded 
with 100 mg of catalyst and using quartz wool as support for the catalytic bed. The samples were heated 
in a programmable electric oven, and the temperature was measured by a K-type thermocouple set in the 
middle of the bed. The samples were reduced in situ with a 100 mL·min-1 H2 flow at 400°C for 2 h prior 
to the reactions. The runs were carried out under atmospheric pressure, at temperatures between 400 and 
600°C. The flow rate of N2 (100 mL·min-1) was adjusted through a mass flow controller (Cole Parmer), 
and the ethanol-water mixture (1:1 molar ratio) was fed by a syringe-type micro-pump (KD Scientific) at 
a flow rate of 0.5 mL·h-1. The gas hourly space velocity (GHSV) was approximately 30,000 mL·g-1·h-1. 
The products were analysed using an on-line Varian 3600CX gas chromatograph equipped with a 
flame ionisation detector (FID) and a thermal conductivity detector (TCD). The ethanol conversion and 
the water consumption were defined as 
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3. Results and discussion 
Table 1 shows the nomenclature, the nominal composition and the BET specific surface area results 
for the samples. The surface area of 143 m2·g-1 found for NA is ascribed to the mixed oxides resulting 
from the decomposition of hydrotalcites [18]and is close to those reported for similar Ni-Al materials, 
although the temperature used for thermal treatment is not the same as in other cases [15, 19]. In addition, 
the substitution of 11.1 mol% of Ni by a third metal results in a small influence in the surface area, except 
for MoNA (with a surface area as large as 168 m2·g-1), which indicates the formation of smaller 
crystallites associated with the presence of MoOx in the structure. 
Table 1. Sample nominal composition and BET surface area 
Sample 
Composition (atomic ratio) SBET 
Mg Zn Mo Co Ni Al (m2/g) 
NA 0.0 0.0 0.0 0.0 66.7 33.3 143 
MgNA 11.1 0.0 0.0 0.0 55.6 33.3 140 
ZnNA 0.0 11.1 0.0 0.0 55.6 33.3 141 
MoNA 0.0 0.0 11.1 0.0 55.6 33.3 168 
CoNA 33.3 0.0 0.0 11.1 55.6 33.3 138 
 
The thermal decomposition characteristics of uncalcined samples obtained by thermal analysis 
(TGA/DTA) are summarised in Table 2. The partial substitution of Ni by another metal results in 
materials that exhibit a higher total weight loss, which ranges from 32.9% (for NA) to 44.6% (for 
MoNA). The endothermic peaks are related to the loss of interlayer water and the subsequent removal of 
OH- and the decomposition of interlayer anions in the structures, leading to the formation of the mixed 
oxide structure. These peaks are commonly observed for hydrotalcite-type materials [16, 17, 19]. 
Nevertheless, MoNA exhibits a peak located at higher temperatures (415°C), probably related to NH4+ 
ions from the precursor materials, which decompose at higher temperatures. 
Table 2. Weight loss and DTA data obtained from TG analysis 
Sample Total weight loss (%) 
DTA peak temperature (°C) 
1st peak (endo) 2nd peak (endo) 3rd peak (endo) 
NA 32.9 201 352 - 
MgNA 35.5 217 307 355 
ZnNA 33.3 168 344 - 
MoNA 44.6 173 343 415 
CoNA 42.3 177 342 - 
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Fig. 1 shows the X-ray diffraction patterns of the calcined samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. X-ray diffraction (XRD) patterns of the calcined materials: (*) NiO; () NiAl2O4 
The XRD patterns show a poor crystalline structure, which is in agreement with BET results (Tab. 1). 
Although it is difficult to identify the crystalline phases due to the low intensity of peaks, the diffraction 
reflections exhibited by NA at 2θ = 37.0, 45.0 and 65.6° can be attributed to NiAl2O4, while the 
diffraction peaks at 37.4, 43.4 and 63.1° can be ascribed to NiO. Both phases were also reported 
elsewhere for coprecipitated Ni-Al materials [20]. While MgNA displays a similar XRD pattern, it can be 
observed in Fig. 1 that the partial replacement of Ni by Zn, Mo or Co results in a decrease in the 
crystallinity, which could indicate the formation of smaller crystallites. 
The H2-TPR profiles displayed in Fig. 2-a reveal the presence of broad reduction peaks at temperatures 
between 600 and 800°C for all samples. The peaks exhibit a “shoulder” that begins at approximately 
450°C for ZnNA, MoNA and CoNA. It should be noted that the reduction peak is centred at higher 
temperatures for the NA and MgNA samples (726-764°C), while the maxima for ZnNA, MoNA and 
CoNA are located between 680 and 720°C. For the NA sample, the peak is centred at 726°C and can be 
assigned to the reduction of Ni in NiAl2O4 because the reduction temperature for pure NiO takes place at 
temperatures between 360-400°C [21, 22]. Therefore, despite having been identified as NiO by XRD 
(Fig. 1), the TPR profile suggests the absence of a segregated NiO phase. Furthermore, the “shoulder” 
indicates that the reduction of NiO occurs with a strong interaction of the support. These results are in 
agreement with reports by other authors for coprecipitated Ni-Al materials [14, 20]. The reduction peak is 
shifted towards higher temperatures for MgNA, which indicates the formation of a more stable phase in 
spite of the stronger interaction of NiO with magnesium, as reported by Daza et al. [23]. The significantly 
lower temperatures for the reduction peaks displayed by ZnNA and MoNA are probably related to the 
synergetic effect between Zn or Mo and Ni. 
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Fig. 2. (a) H2-TPR profiles for calcined samples; (b) NH3-TPD profiles for calcined samples 
The NH3-TPD profiles are shown in Figure 2-b. The possibility of ammonia dissociation was not taken 
into account in the analysis. The desorption curves display two overlapping peaks for all samples. The 
first peak is located at a temperature of approximately 200°C and is ascribed to weakly acidic sites. The 
second peak at 350°C corresponds to sites with stronger acidity. The larger intensity of desorption peaks 
presented by NA reveals a higher acidity for this sample. The samples with Ni partially substituted for a 
third element display weaker interactions with NH3 at both the weak and the moderately acidic sites. As 
expected from the higher alkalinity of Mg and Zn, MgNA and ZnNA show the lowest amount of acidic 
sites. 
Ethanol conversion and products distribution as a function of reaction temperature obtained for NA 
catalytic evaluation are displayed in Fig. 3-a. 
The NA sample achieves complete ethanol conversion at temperatures above 500°C under reaction 
conditions. Between 400 and 450°C, although H2 and CO2 are identified as the major products, significant 
amounts of acetaldehyde, ethylene and methane (approximately 20 mol% each) are observed, indicating 
that the dehydrogenation (eq. 4) and dehydration (eq. 3) of ethanol have occurred appreciably in this 
temperature range, as well as acetaldehyde decomposition to methane (eq. 5). A significant decrease in 
selectivity for these primary ethanol decomposition compounds (i.e., C2H4 and CH3CHO) is noted for 
temperatures between 450 and 500°C, followed by an increase in selectivity for H2, CO2 and CO. These 
results are expected from the thermodynamics because the steam reforming of ethanol reactions (eq. 1 
and 2) are strongly endothermic, while the ethanol decomposition reactions (eq. 3 and 4) have only a 
moderately endothermic nature. At temperatures higher than 500°C, the selectivity for methane and 
carbon dioxide continuously decreases. In the temperature range of 550-600°C,  higher formation of both 
synthesis gas components can be observed, while the formation of C2H4 and CH3CHO is negligible. 
Again, thermodynamics dictate that reactions that form synthesis gas from ethanol (eq. 1) and from 
methane (eq. 6 and 7) are favoured at higher temperatures compared to the steam reforming of ethanol in 
the presence of excess water, which results in the production of H2 and CO2 (eq. 2). The higher selectivity 
towards H2 and CO for higher temperatures was also observed for a Ni-based hydrotalcite-type catalyst in 
a recent report [24]. 
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Fig. 3. (a) Conversion of ethanol and product selectivity versus reaction temperature of ethanol steam reforming over NA; 
(b) Conversion of ethanol (closed symbols) and water consumption (open symbols) as a function of the reaction temperature for 
ethanol steam reforming over modified Ni-Al samples (WCAT = 0.1 g; FN2 = 100 mL·min-1; FLIQ = 0.5 mL·h-1; H2O/C2H5OH = 1) 
Fig. 3-b shows the variation of ethanol conversion and water consumption with reaction temperature 
for the modified materials. Ethanol conversion is complete at all reaction temperatures for all materials 
except for NA and MgNA; thus, it was not possible to establish a correlation between ethanol conversion 
and the surface area measurements (Tab. 1). However, this result could be related to the smaller particles 
of ZnNA, MoNA and CoNA suggested by XRD patterns (Fig. 1). Moreover, an induction period is 
observed at the beginning of the reaction for NA and MgNA catalysts, which is because the complete 
reduction of metal oxides occurs in higher temperatures for both of these materials (as shown by TPR in 
Fig. 2-a). 
As expected by the reaction behaviour shown in Fig. 3-a, Figure 3-b shows that the modified NA 
materials also exhibit a decrease in water consumption at 450°C. Although water is consumed by the 
steam reforming of ethanol (eq. 1 and 2) and the water gas shift (eq. 9) reactions, the higher incidence of 
reactions that produce water as a co-product, such as the dehydration of ethanol (eq. 3) (indeed, the 
selectivity for C2H4 reaches 20% at this temperature), results in a decrease in water consumption. This 
phenomenon may be associated with the activation temperature, suggesting that the complete reduction of 
nickel oxide occurs during the reaction through the hydrogen produced in the process. Although the 
preactivation step was conducted at a lower temperature than that required for the complete reduction of 
oxides (Fig. 1), the XRD pattern of NA after the reaction shown in Fig. 4-a depicts the formation of 
metallic nickel (and carbon). Above 450°C, water consumption increases with the increase of reaction 
temperature because steam reforming reactions are favoured at higher temperatures. 
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Fig. 4. (a) X-ray diffraction (XRD) patterns of calcined NA and NA after reaction: (C) carbon; () Ni0; (*) NiO; () NiAl2O4; 
(b) Hydrogen selectivity (closed symbols) and CO selectivity (open symbols) as a function of the reaction temperature of ethanol 
steam reforming over modified Ni-Al samples (WCAT = 0.1 g; FN2 = 100 mL·min-1; FLIQ = 0.5 mL·h-1; H2O/C2H5OH = 1) 
The reaction selectivity for H2 and CO for modified samples is presented in Fig. 4-b. Higher selectivity 
for synthesis gas is observed as temperature increases. The same behaviour was observed in other 
published papers [11, 13], but the selectivity found for carbon monoxide is higher in this study because a 
lower H2O/EtOH ratio was used. The selectivity towards H2 at higher temperatures is very similar for all 
samples except ZnNA. Additionally, MgNA presented the largest variation in H2 selectivity over the 
temperature range. Concerning the selectivity for CO, Fig. 4-b shows that NA and CoNA display the 
highest selectivity for CO at higher temperatures. The selectivity for CO exhibited by ZnNA followed the 
lower H2 formation at 600°C. 
Table 3. TPO/DTA analysis of catalysts after reaction 
Sample Total weight loss (%) DTA peak temperature (°C) 
NA 59.8 510 
MgNA 33.0 568 
ZnNA 64.0 510 
MoNA 49.0 510 
CoNA 58.9 467 
 
The XRD patterns of NA after the reaction (Fig. 4-a) exhibited diffraction peaks associated with the 
formation of carbon on the catalyst surface. To verify the deactivation tendency due to coke formation, 
the TPO-DTA analysis shown in Tab. 3 was performed on samples after catalytic runs. Interestingly, NA 
exhibits a high amount of coke formation, despite having shown lower ethanol conversion values at 
intermediate reaction temperatures (Fig. 3-b). This result may be related to the higher amount of acidic 
sites displayed by NA in the TPD curves (Fig. 2-b), as these sites favour the formation of ethylene 
through the dehydration of ethanol (eq. 3), which is then transformed to coke (eq. 11). The decomposition 
of methane (eq. 8) can also occur at these sites. In comparison, MgNA presents a lower amount of carbon 
deposition mainly due to its higher alkalinity, although the DTA peak related to combustion reveals that 
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coke is heavier than the other samples, which makes the regeneration process more critical for MgNA. 
The low amount of carbonaceous deposit formation together with the high water consumption observed 
for MoNA and CoNA could indicate that the steam reforming of coke (eq. 12) is more favoured for these 
samples compared to other samples such as ZnNA. Additionally, the DTA peak of CoNA is shifted 
towards lower temperatures, corresponding to a milder regeneration step. 
4. Conclusions 
The substitution of 11% of Ni by a third element provides a slight decrease in surface area, except for 
MoNA. Additionally, a higher weight loss was noted for the modified samples, as well as a decrease in 
the crystallinity, although MgNA showed similar a XRD pattern to that of NA. In fact, the MgNA and 
NA samples revealed a reduction peak located at higher temperatures, which indicates a more difficult 
reduction of NiO to Ni0. The catalytic evaluation revealed that the dehydration and dehydrogenation of 
ethanol occurs at lower temperatures, while higher temperatures favoured the formation of hydrogen and 
synthesis gas. CoNA, MoNA and ZnNA samples exhibited higher water consumption and conversion of 
ethanol at intermediate temperatures. The TPO-DTA data for samples after the reaction presented a high 
coke formation on NA, which is expected due to its higher acidity, as verified by TPD. Despite having a 
lower deactivation due to coke deposition associated with its higher alkalinity content, MgNA exhibited a 
DTA peak at higher temperatures than the other catalysts, which indicates that the regeneration process 
would be more severe for this sample. 
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